each cell expresses only one odorant receptor, such that the cell exhibits a high degree of specificity based and John Ngai on the odorant binding properties of a singular (rather University of California than multiple) receptor type(s). Results from in situ Department of Molecular and Cell Biology hybridization studies using odorant receptor-specific Division of Neurobiology probes are consistent with the notion that an individual Life Sciences Addition olfactory neuron expresses only a small number of odorBerkeley, California 94720 ant receptor genes (Ngai et al., 1993a; Ressler et al., 1993) . However, it remains to be determined whether highly related odorant receptor subfamily members are Summary expressed in the same or different olfactory neurons. Since single amino acid changes have been shown to We have characterized the organization and expresalter ligand binding in other seven-transmembrane dosion of odorant receptor genes clustered within ‫001ف‬ main receptors (reviewed by Strader et al., 1994) , it is kb of the zebrafish genome. Physical analysis of this likely that the small number of amino acid changes obgenomic region reveals that the receptor genes are served between members of a subfamily allow each tightly linked in tandem arrays. The expression patreceptor to bind to a distinct but possibly overlapping terns of these genes were evaluated during developset of ligands. Thus, the discriminatory capacity of the ment as well as in the adult olfactory epithelium. Highly olfactory system would be maximized by expressing related genes from this array are expressed individuthese highly related receptors in different cells. ally in different olfactory neurons, suggesting that the Given that the response specificity of an olfactory discriminatory capacity of the vertebrate olfactory neuron depends primarily on the odorant receptor(s) system has been maximized by segregating the most it expresses, how does an olfactory neuron select a similar receptors into distinct cellular pathways. Furparticular receptor to express from the large repertoire thermore, genes from this cluster are activated at of genes? This problem may be simplified through a different times of development. Together, these reseries of hierarchical decisions, whereby an individual sults indicate that genomically linked odorant receptor cell might be restricted to express one gene from a genes are not coordinately regulated.
To evaluate the aforementioned models for olfactory common bands in genomic Southern blots under conditions of high stringency. The present results using recepcoding and odorant receptor gene regulation, we characterized the expression patterns of odorant receptor tor 2 and receptor 6 cDNAs give a more accurate assessment, however, since the PCR clones used pregenes which are tightly linked within a ‫001ف‬ kb region of the zebrafish genome. We find that highly related viously contain only a portion of the receptor coding region (from the third intracellular loop through a portion receptor genes within the cluster are expressed in distinct olfactory neurons. These data suggest that the of the seventh transmembrane domain). Two full-length sequences from another receptor subperipheral olfactory system maximizes its discrimination capabilities by expressing highly related receptors in family were isolated by screening the olfactory cDNA library with a PCR-generated probe for receptor 13 different cells. We further demonstrate that a genomic locus does not define a temporal class, as receptor (Barth et al., 1996) . While these two cDNAs, receptor 13 and receptor 13.8, are divergent from the receptor 2/6 genes expressed early in development lie adjacent to genes expressed much later. Thus, physically linked subfamily, they share 60% amino acid identity to each other and therefore represent a distinct subfamily, the odorant receptor genes are not coordinately regulated through a locus-dependent mechanism. The expression receptor 13 subfamily (Figure 1 ). of a particular receptor gene by an olfactory neuron, therefore, is likely due to the interaction of specific transGenomic Organization of Members of the Receptor acting factors (or combinations of such factors) with 2/6 and Receptor 13 Subfamilies gene-specific regulatory sequences.
To determine whether odorant receptors are linked in the zebrafish genome, we analyzed their genomic organization using a bacterial artificial chromosome (BAC) Results library (Shizuya et al., 1992) . A BAC library was prepared using genomic DNA derived from a single AB strain male Isolation and Characterization of Zebrafish Odorant Receptor cDNAs zebrafish (see Experimental Procedures). Approximately four genome equivalents were screened with a mixture Highly related odorant receptor genes have been found to be linked within other vertebrate genomes (Reed, of odorant receptor cDNAs from the receptor 2/6 subfamily; positive clones were further screened with indi1992a; Ben-Arie et al., 1994; Issel-Taver and Rine, 1996; Sullivan et al., 1996) . To establish whether odorant revidual 3Ј untranslated region sequences. Six strongly positive clones were identified from this secondary ceptor genes are similarly clustered in the zebrafish genome, we initiated our studies by characterizing a screen; all of these clones overlapped the same ‫001ف‬ kb genomic region, as determined by restriction digest subfamily of highly related zebrafish odorant receptor genes. Odorant receptor genes are operationally deand DNA blot analysis ( Figure 2 ). This region also contains genes encoding receptor 13 and receptor 13.8. fined as members of a subfamily if they share 60% or more amino acid identity (Lancet and Ben-Arie, 1993) .
We next determined whether this stretch of DNA contains other odorant receptor genes by performing PCR A zebrafish olfactory cDNA library prepared from adult olfactory rosettes was screened with two receptor seon restriction fragments spanning the entire region (the so-called BAC contig), using degenerate oligonucleoquences cloned in our original PCR-based screen, receptor 2 and receptor 6 (Barth et al., 1996) . In addition tide primers specific for odorant receptor sequences. We found that PCR products of the expected size were to identifying the full-length cDNAs for these two receptors, we found four other cross-hybridizing cDNAs that produced in all restriction fragments where we had previously localized odorant receptor genes (data not represent novel genes of the receptor 2/6 subfamily ( Figure 1) . Two of these genes share more than 98% shown). We also obtained PCR products from restriction fragments in which we did not expect to find odorant nucleotide identity in their coding as well as untranslated regions; the two sequences (hereafter referred to as receptor sequences. Cloning and sequencing of these products revealed that they are members of the receptor receptor 2.3) probably represent alleles of the same gene and were therefore used interchangeably in subse-2/6 subfamily (receptor 2.5, receptor 2.6, and receptor 2.7; see Figure 1 ). Based on a comparison of Southern quent experiments. Three additional members of this subfamily were identified based on their physical linkage blots prepared from genomic and BAC DNAs, we believe that the genes identified in this BAC contig represent to other receptor 2/6 subfamily genes (see below). The proteins encoded by these eight genes share between most of the receptor 13 and receptor 2/6 subfamily members (data not shown). 71% and 84% amino acid identity. As has been described for other odorant receptor gene families (Buck The position and transcriptional orientation of the ten odorant receptor genes identified in the BAC contig were and Axel, 1991; Ngai et al., 1993b) , the receptor 2/6 subfamily exhibits slightly greater divergence within the obtained through a combination of restriction digests, blot hybridizations, and DNA sequencing; the results of putative ligand-binding region, the sequence from the third transmembrane domain to the end of fifth transthese analyses are summarized in Figure 2 . Within this ‫001ف‬ kb stretch of genomic DNA, the receptor 2/6 submembrane domain, than outside this region (see Figure  1 ). It should be noted that in our original description of family members reside on one side of the contig and are slightly more distant from the genes encoding recepthe zebrafish odorant receptor gene family (Barth et al., 1996) we considered receptor 2 and receptor 6 as tors 13 and 13.8 than they are from each other. Interestingly, the eight highly related receptor 2/6 subfamily members of distinct subfamilies, because the PCR clones representing these genes did not hybridize to genes are tightly clustered, and all reside within 60 kb Amino acid sequences deduced from the genomic copy of each identified receptor gene are shown; these sequences differ from the corresponding cDNAs at only a few residues (data not shown; where available, both genomic and cDNA sequences have been deposited in GenBank). Bold lines indicate the predicted transmembrane domains and are numbered accordingly. The sequences are divided into the receptor 2/6 subfamily (A) and the receptor 13 subfamily (B); amino acid residues conserved among members of the respective subfamilies are shaded. The "*" in the middle of the receptor 13.8 sequence represents the stop codon found within this genomic sequence, which is likely to represent a pseudogene (see text for details). of DNA. The average intergenic distance between recepresiding in this contig appears to be a pseudogene and, as such, was excluded from further analysis of odorant tor 2/6 subfamily members is approximately 7 kb (range, 5-11 kb) and notably shorter than the 15 kb average receptor expression. intergenic distance found in one human odorant receptor gene cluster (Ben-Arie et al., 1993) . It is also interestDo Individual Olfactory Neurons Express Multiple Genes from the Linked Array? ing to note that all of the receptor 2/6 subfamily members are transcribed in the same direction. Similarly, receptor
The discriminatory capacity of the vertebrate olfactory system is defined by the specificity of each odorant 13 and receptor 13.8 are transcribed from the same strand of DNA, although in an opposite orientation from receptor for its ligand and the number of different receptor types expressed per olfactory neuron. In one scethat of the receptor 2/6 subfamily members.
In order to determine that the receptor sequences nario, odorant discrimination could be maximized by compartmentalizing highly related receptors into diswithin the BAC contig are capable of encoding functional mRNAs and are not pseudogenes, all of the receptor tinct and nonoverlapping populations of cells. To evaluate this model for olfactory coding, we examined the genes identified in this contig were sequenced. Some differences were found in comparisons with the respecexpression patterns of the genomically linked receptor 2/6 subfamily members in a series of double-label RNA tive cDNA sequences. For example, receptor 6 genomic and cDNA sequences (which represent the most diverin situ hybridizations. In each experiment, we hybridized tissue sections of adult olfactory rosettes with a mixture gent pair) are 99.2% identical at the nucleotide level and 98.5% identical at the amino acid level. In addition, we of two subfamily member probes: one was labeled with 33 P, and the other was labeled with digoxigenin. A total found that the respective 5Ј and 3Ј untranslated regions of the genomic and cDNA receptor 6 sequences are of 25 different pairwise comparisons were made between the five odorant receptor probes. 98.2% identical. The genomic library was generated from the inbred AB strain of fish, which differs from the To ensure that the 33 P-and digoxigenin-labeled probes are equally sensitive in this assay, we performed outbred strain from which the original receptor cDNAs were cloned. Thus, the differences between the respecin situ hybridizations using a mixture of the same antisense RNA labeled with both 33 P and digoxigenin. We tive cDNA and genomic sequences most likely represent allelic polymorphisms. In the case of receptor 13.8, a expected that on these control slides all receptor neurons labeled with 33 P probe should also be labeled with stop codon interrupts the reading frame in the middle of the protein coding region of the genomic clone. It is the digoxigenin probe. Figures 3A-3C show a representative section of an olfactory rosette hybridized to the unclear whether an uninterrupted receptor 13.8 allele exists in the inbred AB strain of zebrafish, or whether a same receptor sequence labeled with both detection methods. As shown in Table 1 , the frequency of colocalihighly related, functional gene resides in another locus. Nonetheless, the genomic receptor 13.8 sequence zation of the radioactive and digoxigenin-labeled probes Horizontal sections of adult zebrafish olfactory rosettes were hybridized with a mix of antisense odorant receptor gene probes labeled with 33 P-UTP or digoxigenin-UTP. Clusters of silver grains correspond to 33 P signals, whereas the dark purple histochemical reaction products correspond to digoxigenin signals. Panels (a) through (c) show a control experiment in which the same tissue section was hybridized with receptor 2 labeled with both was typically more than 86% for each receptor probe.
of receptor mRNA colocalization. In all cases, the frequency of subfamily member RNA colocalization was These control experiments demonstrate that our experimental conditions are sufficient to detect potential inbelow 5%, indicating that these receptors are not expressed with obligate partners. stances of receptor coexpression.
We next performed double-label in situ hybridizations using different odorant receptor probes, and the number of cells expressing each receptor gene was determined.
The Population of Coexpressing Neurons
Taken at face value, the results summarized in Table 1 A representative tissue section hybridized with 33 Plabeled receptor 2.3 and digoxigenin-labeled receptor suggest that at most 5% of the neurons expressing a receptor 2/6 subfamily member express another gene 2 is shown in Figures 3D-3F . The frequency of signal colocalization for each pairwise comparison of receptor from this group of receptors. To evaluate the possible biological significance of such low levels of coexpresprobe hybridization is tabulated in Table 1 . By this analysis, we observe a very low to undetectable frequency sion, we need to consider the total number of neurons in an olfactory rosette that appear to express each subwith other receptor sequences (see Table 1 ). Following autoradiography, slides were coded and scored blind. family member (Table 2) . Receptor 2 is expressed at the highest levels of all subfamily members, at ‫0001ف‬ cells Whenever a portion of an olfactory placode was identified by brightfield microscopy, it was next examined per adult rosette. From Table 1 , 4% of all receptor 2-expressing neurons appear to express receptor 2.4, under darkfield optics to determine whether any receptor-specific hybridization was present. For statistical a number corresponding to ‫05ف‬ cells per rosette that express both receptors. This represents the largest posanalysis, data were compiled from numerous experiments and binned by slides to control for any experimensible population of cells that might coexpress multiple members of the receptor 2/6 subfamily. In most compartal variation from slide to slide; each slide typically contains tissue sections representing material from about isons, however, the population of putative coexpressing cells represents a smaller total number of cells. For ten different olfactory placodes. For each timepoint, the percentage of olfactory placode sections that exhibit example, 1% of receptor 6-expressing cells also appear to express receptor 2.4, but this fraction represents only cells hybridizing to a given receptor probe was calculated and tabulated in Table 3 . These data therefore 2 neurons per olfactory rosette.
A more likely explanation for the observed low levels indicate when a specific odorant receptor gene is first expressed in development (for experimental details, see of receptor colocalization is that cells expressing different receptors fortuitously overlie each other in our 20 Barth et al., 1996) and can be compared with each gene's location in the genomic locus ( Figure 2 ). m-thick tissue sections; even in the complete absence of receptor coexpression, we expect to see some freAs shown in Table 3 , the odorant receptor genes residing in this locus are activated at widely differing times quency of signal colocalization. The probability that a neuron overlying (or underlying) a given cell also exof development. Consistent with previous studies (Barth et al., 1996) , this analysis reveals at least three distinct presses a specific receptor should be equivalent to the frequency at which that receptor is expressed in the temporal classes: receptors 2, 2.2, 2.3, and 2.5 are first expressed between 24 and 36 hr of development, receppopulation (see Table 2 ). For example, individual receptor 2/6 subfamily probes colocalize to 0.8%-5% of retors 13 and 2.4 between 36 and 48 hr, and receptor 6 at 120 hr. There is no systematic or obvious relationship ceptor 2-expressing cells, a value which is comparable to the frequency of receptor 2-expressing cells in the between the order of genes in the locus and the timing of receptor expression; genes expressed early in detotal olfactory neuron population ‫;%5.2ف (‬ Barth et al., 1996) . velopment are intermingled among genes expressed late in development (schematized in Figure 4) . Thus, Taken together with these considerations, our data suggest that most, if not all, olfactory neurons express the receptor genes within this locus are not segregated according to their window of activation during developjust one member of a receptor gene subfamily. Moreover, if receptor subfamily members are coexpressed ment, nor does their order in the locus correlate with the timing of expression of the individual genes. together in the same olfactory neuron, the number of such neurons is vanishingly small and indistinguishable from the number that can be attributed to receptor localDiscussion ization to two overlying cells.
In this paper, we have characterized odorant receptor genes that are tightly linked within a ‫001ف‬ kb region of Developmentally Regulated Expression of the Linked Odorant Receptor Genes the zebrafish genome. The organization of these genes is remarkable in that they are tightly clustered along the To determine whether closely linked receptor genes are coordinately regulated during development, we examchromosome, exhibiting intergenic distances as small as ‫5ف‬ kb. As found for an odorant receptor gene cluster ined the developmental expression patterns of seven of the clustered receptor 2/6 and receptor 13 subfamily on human chromosome 17 (Ben-Arie et al., 1994), divergent zebrafish receptor genes (the receptor 13 and regenes. Briefly, radioactive in situ hybridizations were carried out on 10 m tissue sections containing staged ceptor 2/6 subfamilies) are found in close proximity to one another, albeit at different ends of the genomic embryonic material. Under our in situ hybridization conditions, the individual probes do not cross-hybridize array of receptors. The disposition and orientation of n ϭ 4 n ϭ 2 n ϭ 2 n ϭ 2 n ϭ 6 n ϭ 4
a Values indicate the mean number of cells per adult olfactory rosette hybridizing to each odorant receptor probe by in situ hybridization. Each rosette scored contains between 10 and 13 lamellae. Values are given as the mean Ϯ SEM; n ϭ number of rosettes scored. The ‫0001ف‬ receptor 2-expressing cells in each rosette correspond to roughly 2.5% of the olfactory neuron population (Barth et al., 1996) . b Data from Barth et al., 1996 . The values for SEM differ from those reported previously, due to a corrected calculation of this parameter for the present study. Mean values remain unchanged. the genes within each subfamily is consistent with the and larval development. Our studies reveal that the genes within this array are activated at different times of notion that the odorant receptor repertoire has expanded through tandem duplication events (see also development. Moreover, the most highly related genes from this cluster are expressed in distinct subpopulaBen- Arie et al., 1994; Glusman et al., 1996) . To determine whether the clustering of these genes bears any relation tions of olfactory neurons. Together, these results indicate that linked odorant receptor genes are not coordito their modes of regulation, we analyzed their expression patterns in the adult as well as during embryonic nately regulated. The observed patterns of receptor A comparison of the data presented in Figure 2 and Table 3 is schematized in this figure. Genes are represented by boxes, with the individual designations indicated over each box. Transcriptional orientation (sense direction) is indicated by the direction of the arrow. The onset of expression of each gene during development is indicated by the different patterned shadings within the respective boxes, and are categorized into the following developmental classes: early (24-36 hr postfertilization), middle (36-48 hr), and late (у120 hr). Receptor 2.6 is expressed beginning at 31-38 hr of development, as determined independently by Byrd et al., 1996 , and therefore is placed in the early class of receptors. The timing of expression of receptor 2.7 was not determined, and receptor 13.8, a pseudogene, was excluded from this analysis; the boxes representing these genes therefore remain unshaded.
gene expression allow us to evaluate models of olfactory known receptor 2/6 subfamily members. While it is formally possible that some coexpression might occur with coding and odorant receptor gene regulation.
the three untested genes, we deem this to be unlikely based on the expression characteristics of the five Highly Related Odorant Receptors Are Expressed genes examined in the present study. in Different Olfactory Neurons A critical issue in the encoding of olfactory information is how the olfactory system uses the diversity of receptor Genomic Organization and the Regulation of Odorant Receptor Gene Expression genes to represent information about odorant stimuli. The expansion and diversification of the odorant recepThe clustering of odorant receptor genes in vertebrate genomes (Reed, 1992a; Ben-Arie et al., 1994 ; Issel-Taver tor gene family during evolution suggests that new receptors may provide a selective advantage to an organand Rine, 1996; Sullivan et al., 1996) has led to the suggestion that physically linked receptor genes may ism by virtue of their enhanced affinity (and therefore greater specificity) for particular odorous ligands (Ngai share common regulatory features (Ressler et al., 1993; Vassar et al., 1993; Chess et al., 1994; Barth et al., 1996 Barth et al., ). et al., 1993b . Thus, the organism would acquire the capability to detect odorants with greater sensitivity. If
For example, we have hypothesized that temporal waves of odorant receptor gene expression may reflect the receptors are also expressed in distinct cells, the system would then have the added capacity to discrimia mechanism for restricting the number of transcriptionally competent receptor genes at different times of nate among odorants using these newly evolved receptors. In the present study, we asked whether highly redevelopment (Barth et al., 1996) . In one model, receptor genes which reside within the same genomic locus comlated members of an odorant receptor subfamily are expressed in common or distinct olfactory neurons. As prise a temporal class in the developing zebrafish. Developmentally regulated cues might then allow the a group, these receptors are expected to recognize a class of odorants whose members share common structranscription of these genes at specific times through the action of a common stage-specific cis-acting regulatural features, with each subfamily member displaying varying affinities toward specific chemicals within that tory element (see Grosveld et al., 1987; Wang et al., 1992; Chess et al., 1994) . In the present study, we find class (see Buck and Axel, 1991; Ngai et al., 1993b) . We find that individual members of one receptor subfamily that the genes clustered within a ‫001ف‬ kb region of the zebrafish genome are activated at different developare expressed largely, if not exclusively, in nonoverlapping subsets of cells. Our results suggest that the capacmental stages. Our results therefore rule out a model in which a single stage-specific cis-acting regulatory ity to discriminate distinct odorant stimuli is maximized by expressing highly related odorant receptors in differelement governs gene expression from a genomic locus, such that the genes within a cluster are activated at the ent olfactory neurons. By way of contrast, chemosensory neurons in the worm express multiple members of same time of development. Moreover, as demonstrated here for receptor 2/6 subfamily members, highly related a G protein-coupled receptor gene family thought to encode odorant or pheromone receptors (Troemel et genes within a locus are expressed in distinct subpopulations of cells in the adult olfactory epithelium. al., 1995). Indeed, individual worm sensory neurons can encode multiple and diverse sensory submodalities In rodents, a receptor gene is expressed in one of four broad yet anatomically distinct zones within the (i.e., one odorant versus another) and modalities (chemosensation, mechanosensation, and osmosensation) olfactory epithelium (Strotmann et al., 1992; Ressler et al., 1993; Vassar et al., 1993) . This spatial restriction is through independent signaling pathways (Colbert and Bargmann, 1995; Hart et al., 1995; Maricq et al., 1995;  apparent as soon as odorant receptors first appear in the developing olfactory placode (Nef et al., 1992 ; Strotreviewed by Kaplan, 1996) .
The conclusion that vertebrate olfactory neurons exmann et al., 1995; Sullivan et al., 1995) . Zonal patterns of odorant receptor expression have also been depress a single gene from an odorant receptor subfamily should be tempered by the following considerations.
scribed in the zebrafish olfactory epithelium (Weth et al., 1996) . In contrast to rodents, however, these zones First, there is a small fraction of cells over which we observe coincident signals from two receptor probes; are diffuse and overlapping, such that cells residing in different zones are intermingled among one another. this fraction (0%-5% of the total number of signals) is comparable to the expected frequency of colocalization Might the genomic organization of these genes underlie their restricted expression to spatial zones in the olfacin the absence of any receptor coexpression (see Results). However, we cannot rule out the possibility that tory epithelium? In the mouse, genetic mapping of odorant receptor genes has suggested that genes within a some of these colocalizing signals arise from the true coexpression of multiple receptors in a single cell. Seclocus are not necessarily expressed in the same zone . This conclusion should be viewed ond, it is possible that the olfactory neurons we identified in our in situ hybridizations in fact express one of with caution, however, since the mapping resolution of these studies was limited to 1.5-2.8 centimorgans the subfamily member genes at levels too low to be detected by our assay. Nonetheless, a difference in the (where 1 centimorgan corresponds to roughly 1 megabase of DNA), an interval which, in theory, could contain relative expression levels of two or more receptors would still provide a mechanism by which the olfactory several independently regulated gene clusters. Nonetheless, physical mapping of a mouse genomic region system can discern the activity of one receptor from another within the subfamily. Third, we have analyzed indicates that seven receptor genes clustered within ‫004ف‬ kb are expressed in different zones (J. Edmundson the expression patterns of only five out of the eight Our data suggest that the advantages afforded by nucleotide similarity to partial receptor PCR sequences described increased odorant discrimination, facilitated by the exby other investigators: receptor 2 corresponds to ORZF 39 (GenBank pression of new receptors in different cells, was a driving Accession #U44441; Byrd et al., 1996) , receptor 2.5 corresponds to force in the expansion and diversification of the odorant OR 7 (a pseudogene; GenBank Accession #U72689; Weth et al., receptor gene repertoire. Because genes closely related 1996), receptor 2.6 corresponds to ORZF 11 (GenBank Accession #U44440; Byrd et al., 1996) , and receptor 13 corresponds to OR 8 by sequence are more likely to share regulatory features (GenBank Accession #U72690; Weth et al., 1996). than genes that are highly divergent, it is striking that odorant receptor subfamily members are expressed in RNA In Situ Hybridizations distinct subpopulations of cells. These results are con-RNA in situ hybridizations (Wilkinson et al., 1987a; 1987b) were sistent with the hypothesis that olfactory neurons excarried out with 33 P-labeled antisense RNA generated from fullpress only one receptor per cell and have evolved this length cDNA templates, except for receptor 2.5, for which we used restriction to enhance odorant discrimination capabila PCR insert corresponding to the coding region found between TM 3 and TM 7. Labeled antisense RNAs were hybridized to 10 ities.
m thick wax sections of staged zebrafish embryos, washed, and scored as described (Barth et al., 1996) .
Experimental Procedures
Double-label RNA in situ hybridizations were carried out with modifications of existing protocols (Wilkinson et al., 1987a; Schaeren- 
Construction and Screening of a Zebrafish Olfactory
Wiemers and Gerfin-Moser, 1993). Briefly, receptor cDNAs were cDNA Library used as templates for making antisense 33 P-and digoxigeninPoly(A) ϩ RNA was prepared from adult zebrafish olfactory rosettes. labeled RNA probes. Tissue sections were cut to 20 m thickness cDNA was synthesized using an oligo(dT) primer, and double from fresh frozen adult zebrafish heads, fixed in 4% paraformaldestranded DNA was cloned directionally into Lambda Ziplox arms hyde/0.1 M phosphate buffer, and acetylated with 0.2% acetic anhy-(BRL) via 5Ј Sal I and 3Ј Not I restriction sites. The total complexity dride. Due to the fragility of the zebrafish olfactory rosette, it was of the library is about 1.3 ϫ 10 6 , with an average insert size of 1.7 not possible for us to obtain sections thinner than 20 m without kb. To identify full-length cDNAs, filters representing 1-2.5 ϫ 10 6 compromising the structure of the tissue. Prehybridization was perclones were probed with PCR products corresponding to a portion formed at room temperature for 2-6 hr using the hybridization soluof the odorant receptor coding regions (Barth et al., 1996) . cDNAs tion described previously (Wilkinson et al., 1987a; 1987b) .
33
Pwere sequenced using a Pharmacia ALFexpress automated DNA labeled receptor probes (1 ϫ 10 8 cpm/ml) and digoxigenin-labeled sequencer. Sequences were analyzed with MacVector and Assemreceptor probes (1-2 g/ml) were annealed to sections for 12-14 blyLign software.
hr at 55ЊC. Slides were washed in 0.2ϫ SSC at 72ЊC for 1 hr, RNasetreated with 5 g/ml RNase A at 37ЊC for 30 min, rinsed, and subConstruction and Screening of a Zebrafish Genomic jected to a final high stringency wash in 0.2ϫ SSC at 72ЊC. Slides BAC Library were treated essentially as described (Schaeren-Wiemers and GerGenomic DNA was isolated from a single adult male zebrafish of the AB strain. The fish was bled into cold phosphate-buffered saline, fin-Moser, 1993) for antibody incubations and alkaline-phosphatase (1995) . Odorant-specific adaptable-label experiments seemed to depress the total number of neution pathways generate olfactory plasticity in C. elegans. Neuron rons we could detect by in situ hybridization by about 50% (data 14, 803-812. not shown), both digoxigenin-and 33 P-labeled probes were equally Freitag, J., Krieger, J., Strotmann, J., and Breer, H. (1995) . Two affected by our hybridization conditions. In a typical experiment, classes of olfactory receptors in Xenopus laevis. Neuron 15, 1383-material from three to six fish was scored for each pair of receptors.
1392. The calculation of the frequency of receptor probe colocalization (% colocalization ϭ [(# of cells colabeled with probes y and z)/(# of Glusman, G., Clifton, S., Roe, B., and Lancet, D. (1996) . Sequence cells labeled with probe y alone)] ϫ 100) was determined for each analysis in the olfactory receptor gene cluster on human chromoslide. For each comparison, the values for the denominator of this some 17: recombinatorial events affecting receptor diversity. Genoequation were derived from some experiments in which probe y was mics 37, 147-160. labeled with 33 P and others in which it was labeled with digoxigenin; Grosveld, F., van Assendelft, G.B., Greaves, D.R., and Kollias, G. results from experiments using different labels for probe y were (1987) . Position-independent, high level expression of the human combined and used to calculate mean values (values from these ␤-globin gene in transgenic mice. Cell 51, 975-985. different experiments can be treated equivalently, since we retained Hart, A.C., Sims, S., and Kaplan, J.M. (1995) . Synaptic code for data only from experiments in which we observed at least 80% sensory modalities revealed by C. elegans GLR-1 glutamate recepcolocalization when using a control probe labeled with both tracers).
tor. Nature 378, 82-85. For example, to evaluate the extent of colocalization of receptor 2
Issel-Taver, L., and Rine, J. (1996) . Organization and expression of and receptor 2.2 signals, on each of three slides we observed that canine olfactory receptor genes. Proc. Natl. Acad. Sci. USA 93, 0/57, 0/93, and 4/101 of receptor 2-labeled cells were also labeled 10,897-10,902. with receptor 2.2. Thus, from this comparison, the mean value for Kaplan, J.M. (1996) . Sensory signaling in Caenorhabditis elegans. receptor 2/receptor 2.2 colocalization is 1% Ϯ 1% (Ϯ SEM; n ϭ 3 Curr. Opin. Neurobiol. 6, 494-499. slides), with a total of 259 receptor 2-labeled cells scored (see Table  1 , first column, second row).
Lancet, D., and Ben-Arie, N. (1993) . Olfactory receptors. Current It should be noted that long autoradiographic development times Biology 3, 668-674. occasionally revealed a slight increase in silver grain density over Leibovici, M., Lapointe, F., Aletta, P., and Ayer-Le Lievre, C. (1996) . a subpopulation of digoxigenin-labeled cells. Because we only obAvian olfactory receptors: differentiation of olfactory neurons under served this phenomenon in the longest exposures (10 weeks) of normal and experimental conditions. Dev. Biol. 175, 118-131. slides from experiments demonstrating the strongest signals, these Maricq, A.V., Peckol, E., Driscoll, M., and Bargmann, C.I. (1995) . signals may reflect a low level of receptor cross-hybridization rather Mechanosensory signalling in C. elegans mediated by the GLR-1 than the expression of multiple receptors per cell. Given the weak glutamate receptor. Nature 378, 78-81. intensity as well as the uncertain origin of these signals, these cases Nef, P., Hermans-Borgmeyer, I., Artieres-Pin, H., Beasley, L., Dionne, were not included in the quantitation tabulated in Table 1. V.E., and Heinemann, S.F. (1992) . Spatial pattern of receptor expression in the olfactory epithelium. Proc. Natl. Acad. Sci. USA 89, 8948
